the distinction between the individual and population response has often been disregarded and individual TCP models have been fit to clinical datasets. The necessity of describing the impact of population heterogeneity on dose-response has lead to the development, by a number of authors, of population-based tumour control probability (TCP) models. [2] [3] [4] [5] It has been shown that the presence of population heterogeneity leads to a doseresponse curve that is flattened relative to the individual dose-response curve. If an individual TCP model is fit to a population dataset, the biological meaning of the parameter estimates is lost -the radiobiological parameters take on unrealistically low values. 6 Nevertheless, although it is conceptually incorrect, the individual TCP model has been fit to clinical datasets and Radiol Oncol 2007; 41(2): 90-98. doi:10.2478/v10019-007-0016-7 Functional form comparison between the population and the individual Poisson based TCP models 4, [7] [8] [9] [10] On the other hand, it has also been shown that these fits are characterized by an acceptable goodness of fit.
Introduction
In the decades following the introduction of the first individual TCP model by Munro and Gilbert, 1 the distinction between the individual and population response has often been disregarded and individual TCP models have been fit to clinical datasets. The necessity of describing the impact of population heterogeneity on dose-response has lead to the development, by a number of authors, of population-based tumour control probability (TCP) models. [2] [3] [4] [5] It has been shown that the presence of population heterogeneity leads to a doseresponse curve that is flattened relative to the individual dose-response curve. If an individual TCP model is fit to a population dataset, the biological meaning of the parameter estimates is lost -the radiobiological parameters take on unrealistically low values. 6 Nevertheless, although it is conceptually incorrect, the individual TCP model has been fit to clinical datasets and parameters obtained from these fits have been assumed to have radiobiologically meaningful values. 4, [7] [8] [9] [10] On the other hand, it has also been shown that these fits are characterized by an acceptable goodness of fit.
It has been expected that the population TCP models would allow for the estimation of biologically meaningful population parameters. Unfortunately, it is impossible to obtain a unique set of parameter values when a population TCP model is fit to clinical data. 6, 11 This is due to the fact that different sets of population parameter values produce almost identical TCP curves. Carlone et al. 11 analytically demonstrated that when the dominant source of interpatient heterogeneity is that of tumour radiosensitivity, the population TCP function has only two independent parameters -the dose at 50% TCP, D 50 , which determines the position of the TCP curve, and the normalized slope of the curve, γ 50 . These parameters have geometric meaning. Since it is also true that the individual TCP model may be expressed in terms of the same two parameters, 3, 12 it is possible that, for a given range of parameter values, both models will exhibit almost identical functional form. In this work, we investigate the similarities between these two models expressed in terms of D 50 and γ 50 by plotting them for identical values of these geometric parameters.
Background and method
The general form of the population-based Poisson TCP model has eight parameters. However, it has previously been shown 6, 11 that the parameters of such a model are interrelated; many different combinations of parameters lead to one and the same TCP curve. Thus, it may seem difficult to directly compare the functional forms of the individual and population-based TCP models. On the other hand, Carlone et al. 11 have specified (based on a certain approximation, of course, but a clinically valid one) what these interrelations actually are, and have shown that there are only two independent population model parameters -D 50 and γ 50 . Fortunately, the individual Pooison-based TCP module can also be parameterized by these parameters. This fact makes the comparison of both models an easier task.
The Poisson-based individual TCP model
This common form of the individual TCP model is based on Poisson statistics combined with a simplified description of clonogen repopulation. 4, 10, 11, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] In the case where a tumour undergoes homogeneous irradiation to a total dose D, split into n fractions with equal dose per fraction, d, the individual Poisson TCP model may be written as: 11 [1] based TCP models. On the other hand Carlone et al. 11 have specified (based on a certain approximation, of c clinically valid one) what these interrelations actually are, and have shown that there are only two independen model parameters -D 50 and 50 . Fortunately, these two parameters are also the parameters in which the individ based TCP model could be parameterised too. Hence making the comparison of both models an easier task.
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The validity of the Poisson TCP model was Note that as long as an equal dose is given during each fraction of the treatment (which is common clinical practice), the parameters α, β and λ′ can be combined into one single parameter:
The notion of normalized slope, , was first introduced by Brahme 33 for the purpose of dosimetric precision qua 
The population-based TCP model Carlone et al. 11 showed that the population TCP model for the case of dominant heterogeneity in radiosensitivi written as:
[5b] 
The population-based TCP model Carlone et al. 11 showed that the population TCP model for the case of dominant heterogeneity in radiosensitivity may be written as:
[6] ividual and the population TCP curves may be more rigorously estimated by n the areas under the two TCP curves, 
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Functional form comparison between individual and population-based TCP models
Since both the individual and the population TCP models may be written in terms of the same two parameters, 5 it seems natural to assume that the two models may display similarity in functional form. In order to explore the similarity of these models, Eqs.
[3a] and [6] [7b]
The parameters in Eq. [6] -D 50 and 50 -have the same geometric meaning as the corresponding parame
[3a]. The geometric parameters may be expressed in terms of the population-based radiobiological parameters, 
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Since both the individual and the population TCP models may be written in term it seems natural to assume that the two models may display similarity in functio similarity of these models, Eqs.
[3a] and [6] population TCP model takes both heterogeneity in radiosensitivity and heterogeneity in clonogen number into account. However, this form of the population TCP model has three parameters, and was shown 11 to be almost identical to the one that only takes heterogeneity in radiosensitivity into account. Hence, the latter will be used for this analysis.
Functional form comparison between individual and population-based TCP models
Since both the individual and the population TCP models may be written in terms of the same two parameters, γ 50 and D 50 , it seems natural to assume that the two models may display similarity in functional form. In order to explore the functional similarity of these models, Eqs.
[3a] and [6] are evaluated for a given range of γ 50 and D 50 values. Subsequently, the individual and population TCP curves obtained for equal sets of γ 50 and D 50 values are plotted for visual comparison.
The functional closeness of the individual and the population TCP curves may be more rigorously estimated by calculating the normalized difference between the areas under the two TCP curves, [8] 
Results
5
The individual and the population TCP curves were calculated according to Eqs.
[3a] and [6] for values of the 50 and D 50 reported by Okunieff et al. 36 Based on their estimates of 50 , we chose a range of 6 , 5 . , as a function of γ 50 .
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Results
[3a] and [6] for values of the parameters γ 50 and D 50 reported by Okunieff et al. 36 Based on their estimates of γ 50 , we chose a range of . These authors also reported a mean D 50 for all tumours investigated in their work of 50 Gy, with values ranging from 10 to 90 Gy. We therefore chose a value of D 50 = 50 Gy for our investigation. (Eq. [8] ) is plotted in Fig. 2 . The largest area difference between the two TCP curves is The considerable closeness in functional form of both models explains the observation that the individual TCP model produces a reasonable fit to clinical datasets. 4, 10 In spite of this, the observed equivalence in functional form of the two TCP models should not be regarded as an endorsement to use the individual TCP model to fit clinical data.
The quantity
However, a very steep dose response is unusual for clinical data sets. Shallower responses are much more typical for populations of patients. Therefore, it would conceptually be more correct to use the population TCP model, which accounts for interpatient heterogeneity to fit such data. If, however, the individual TCP model is used, one should bear in mind that the obtained parameter values have lost their biological meaning and should be interpreted simply as phenomenological coefficients.
As can be seen from Figures 1(a) and 1(b), both models start to differ in functional form for the clinically observable range of γ 50 < 1. In addition, for these values of γ 50 , the individual model leads to TCP > 0 for D = 0. Therefore, fits to very shallow curves using the individual model may distort the best-fit estimates of γ 50 and D 50 .
The authors advocate the use of the population model in regards to clinical data. However, the demonstrated equivalence in functional form of the individual and population models can be utilized for the case of heterogeneous tumour irradiation. In this case, the individual TCP model with existing {γ 50 , D 50 } estimates (e.g. Okunieff et al. 36 ) can be used for the evaluation of TCP 37 according to the following expression: 38 [9] high dose range. The individual and population models d Equation [9] is a simple, straightforward generalizatio generalization of Eq. [6] for the case of heterogeneous ir complicated mathematical problem, and has not yet been s Equation [9] is a simple, straightforward generalization of Eq. [3] for the case of heterogeneous irradiation. The generalization of Eq. [6] for the case of heterogeneous irradiation, without introducing extra model pa- rameters, presents a complicated mathematical problem, and has not yet been solved.
Strictly speaking, the ability to use Eq. [9] as a population TCP descriptor has not yet been proven theoretically. Nevertheless, our experience with the TCP/NTCP estimation module 37 shows that it produces reasonable TCP estimates.
Another approach to the problem of taking dose heterogeneity into account for the population TCP model is to replace the homogeneous dose, D, with the equivalent uniform dose, EUD. It may then be assumed that the EUD is equal to the generalized mean dose (GMD), as is usually done. 39, 40 Unfortunately, this approach introduces a third model parameter, and knowledge of its value for each tumour type would then be needed in order to use this model to calculate TCP for a heterogeneously irradiated tumour. Therefore, until more comprehensive parameter estimates are produced through fits of the population TCP model to clinical data for the case of heterogeneous irradiation, we propose that Eq. [9] be used for evaluation of treatment plans in terms of TCP, based on the functional form equivalency of both models. 
